Regular exercise-induced acute inflammatory responses are suggested to improve the 35 inflammatory profile and insulin sensitivity. As body temperature elevations partly mediate 36 this response, passive heating might be a viable tool to improve the inflammatory profile. This 37 study investigated the acute, and chronic effects of hot water immersion on inflammatory and 38 metabolic markers. Ten sedentary, overweight males (BMI: 31.0±4.2 kg/m 2 ) were immersed 39 in water set at 39°C for 1 h (HWI) or rested for 1 h at ambient temperature (AMB). Venous 40 blood was obtained prior to, immediately post and 2 h post-session for assessment of 41 monocyte intracellular heat shock protein 72 (iHsp72) and plasma concentrations of 42 extracelullar heat shock protein 72 (eHsp72), interleukin-6 (IL-6), fasting glucose, insulin and 43 nitrite. Thereafter, participants underwent a 2-week intervention period, consisting of 10 hot 44 water immersion sessions (INT). Eight BMI-matched participants (BMI: 30.0±2.5 kg/m 2 ) 45 were included as control (CON). Plasma IL-6 and nitrite concentrations were higher 46 immediately following HWI compared to AMB (IL-6 p<0.001, HWI: 1.37±0.94 to 2.51±1.49 47 pg/ml; nitrite p=0.04, HWI: 271±52 to 391±72 nM), while iHsp72 expression was unchanged 48 (p=0.57). In contrast to resting iHsp72 expression (p=0.59), fasting glucose (p=0.04, INT: 49 4.44±0.93 to 3.98±0.98 mmol/l), insulin (p=0.04, INT: 68.1±44.6 to 55.0±29.9 pmol/l) and 50 eHsp72 (p=0.03, INT: 17±41% reduction) concentrations were lowered after INT compared 51 to CON. HWI induced an acute inflammatory response and increased nitric oxide 52 bioavailability. The reductions in fasting glucose and insulin concentrations following the 53 chronic intervention suggest that hot water immersion may serve as a tool to improve glucose 54 metabolism. 55 Passive heating; chronic low-grade inflammation; heat shock protein; interleukin-6; glucose 56 metabolism 57 58 Downloaded from www.physiology.org/journal/jappl by ${individualUser.givenNames} ${individualUser.surname} (131.New and noteworthy 59 60 A single hot water immersion (HWI) session induces an acute increase in plasma interleukin-6 and 61 nitrite concentrations, but does not acutely elevate heat shock protein 72 expression in monocytes 62 (iHsp72). A chronic HWI intervention reduces fasting glucose and insulin concentrations in the 63 absence of changes in resting iHsp72. Therefore, HWI shows potential as a strategy to combat chronic 64 low-grade inflammation and improve glucose metabolism in individuals without the physical capacity 65 to do so using exercise. Passive heating interventions have been linked to several positive health outcomes, 86 such as improved vascular function (4), mental health (11), weight loss (33) and enhanced 87 insulin sensitivity (42). Although observations of a lowering in fasting glycosylated 88 haemoglobin and blood glucose concentrations following hot water immersion (HWI) in 89 individuals with type 2 diabetes supports the notion of improved insulin sensitivity following 90 HWI (33), the mechanisms that underlie this beneficial effect are currently unclear. Chronic 91 low-grade inflammation has been implicated in the aetiology of insulin resistance (9), as 92 evidenced by the positive association between pro-inflammatory proteins and insulin 93 resistance (9, 39), while the body of evidence for a causal relationship of these proteins with 94 insulin resistance is growing (35). Moreover, it is well documented that exercise training can 95 counteract chronic low-grade inflammation (57) and improve insulin sensitivity (29). 96 However, since it is not feasible for all populations to adhere to the recommended exercise 97 guidelines due to a low physical capacity or health conditions that hinder exercise 98 participation, the development of alternative strategies that can reduce chronic low-grade 99 inflammation in populations without the capacity to engage in sufficient volumes of exercise 100 is warranted to mitigate risk factors for insulin resistance and non-communicable diseases. 101
Introduction temperature per se. Evidence suggests that the effects of hydrostatic pressure on inflammatory 181 markers are negligible (43) . 182 During HWI pre , participants were immersed up to the neck for 1 hour in water set at 183 39°C. Participants sat in an upright position and were allowed to drink water ad libitum. 184 During both HWI pre and AMB, measurements were taken every 15 min. Blood pressure 185 (Microlife BP3AC1-1, Cambridge, UK) was measured in duplicate at the level of the heart, 186 while thermal sensation, thermal comfort (21) and basic affect using the Feeling Scale (68) 187 were reported. Expired air was collected for 3 min into Douglas bags for the determination of 188 oxygen uptake (V O 2 ) using a Servomex 1440 gas analyser (Servomex Ltd, Crowborough, 189 UK). Tympanic temperature was measured with a tympanic temperature probe (Squirrel, 190 Grant Instruments, Shepreth, UK), using cotton wool to cover the external canal of the ear. 191 Rectal temperature (T rec ) was recorded every 5 min throughout the trials, using a rectal probe 192 (YSI 400 series, Ohio, USA) that was inserted 10 cm beyond the anal sphincter. Heart rate 193 (HR) (Polar RS400, Kempele, Finland) was continuously measured throughout. 194 Immediately on completion of the session, a "post" blood sample was taken and 195 participants rested seated in the environmental chamber for 30 min. Thereafter, nude body 196 weight was measured and a breakfast snack was provided (Sainsbury breakfast biscuits; 212 197 kcal, 5.8 g fat, 34.3 g carbohydrates, 4.0 g protein). The change in nude body weight and 198 water consumed was used to estimate sweat loss. Participants were then allowed to rest and 199 perform light work such as reading. Two hours after completion of the session, the "post 2 h" 200 blood sample was taken following 15 min of seated rest. 201 Following the first two visits, participants enrolled in an intervention period consisting of 202 ten HWI sessions, all executed within fourteen days. The first five sessions of this period 203 lasted 45 minutes, while the last five lasted 60 minutes. As pilot work suggested that the HWI 204 sessions can be experienced as uncomfortable, this progression was chosen to avoid drop-out during the intervention period. In all sessions the temperature of the water was set at 39°C and 206 participants were immersed up to their neck. During the ten sessions, HR, tympanic 207 temperature, thermal sensation, thermal comfort and basic affect were assessed every 15 min. 208 Three days after completion of the last session of the intervention period, an acute trial 209 (HWI post ) was conducted to study the effects of the intervention period on the acute 210 inflammatory response to HWI. The procedures during this session were identical to HWI pre .
211
The "pre" blood sample of the first session (either HWI pre or AMB) and HWI post were used to 212 study the chronic effects of the intervention period. Eight individuals matched for body 213 composition, age and physical activity levels were included as control for the chronic arm of 214 the study (CON). These participants visited the laboratory for two resting blood samples only, 215 with the time between both samples held equal to the intervention group. In the intervention 216 group, an additional resting blood sample was taken one week following HWI post to 217 investigate whether any adaptations detected following the intervention period would remain 218 after one week.
219

Biochemical analyses 220
Blood was collected in K 3 EDTA (plasma markers) and sodium heparin (flow cytometry) 221 monovettes. The K 3 EDTA tubes were spun down immediately for 5 min at 1500 g and 4℃, 222 and plasma was stored at -80℃ until batch analysis. Flow cytometry was used to assess 223 changes in iHsp72 in monocytes and the distribution in monocyte subsets. In addition, 224 changes in the expression of iHsp72 in the respective monocyte subsets were assessed. Sixty 225 µL of whole blood was incubated together with 5 µL of PerCP-conjugated cluster of 226 differentiation (CD)14 and 2.5 µL of PE-conjugated CD16 antibodies in the dark at room Leucoperm (60 µL; BD biosciences). Following permeabilisation (60 µL; Leucoperm, BD 230 biosciences) samples were incubated with 4 µL of FITC-conjugated Hsp70 antibody or 231 isotype control for 30 min. Finally, samples were washed and resuspended in phosphate 232 buffered saline prior to running through the Flow Calibur (BD biosciences). All antibodies 233 except CD16 (BD biosciences) were purchased from Miltenyi Biotech (Teterow, Germany).
234
Cell Quest software (BD biosciences) was used for the analysis, collecting 100,000 events per 235 sample. Compensation of the flow cytometer prior to the study was performed manually using 236 a whole blood sample of a male volunteer not participating in the study. Monocytes were 237 selected based on positive CD14 expression, whereafter the percentage of monocyte subsets 238 (CD14++CD16-classical monocytes, CD14+CD16+ intermediate monocytes and CD14-239 CD16++ non-classical monocytes) was determined using the trapezoid method (68). The 240 iHsp72 expression in monocytes was determined using the geometric mean fluorescence 241 intensity (GMFI) following subtraction of the isotype control GMFI.
242
All glassware, utensils, and surfaces were rinsed with deionized water to remove residual 243 NO intermediates prior to plasma [nitrite] analysis. Plasma samples were introduced to a gas- concentrations, plasma samples were diluted 1:4 prior to running the ELISA. The intra-assay 256 coefficients of variation were 7.0%, 6.2% and 2.5% for IL-6, eHsp72 and insulin, 257 respectively. A Biosen C-line (Biosen, Barleben, Germany) was used to determine blood 258 glucose concentrations in whole blood (52). A whole blood count was obtained using a 259 Yumizen H500 cell counter (Horiba Medical, Montpellier, France) for the determination of 260 leukocyte subsets, haematocrit and haemoglobin. The latter two were used to correct the post 261 and post+2h plasma IL-6 and eHsp72 concentrations for changes in plasma volume (10).
262
Statistical analyses 263
All values are given as mean ± standard deviation. Normality of the data was checked using 264 the Shapiro-Wilk test and a log transformation was performed when non-normality was 265 detected. Log transformation was performed on the eHsp72 data. Analysis of variance 266 (ANOVA) with repeated measures where appropriate was used to detect differences in the 267 acute responses between AMB and HWI pre , HWI pre and HWI post as well as the effects of the 268 intervention period on baseline measures compared to CON. Due to a difference in baseline 269 plasma nitrite concentrations between HWI pre and AMB, a one-way ANCOVA was employed 270 to detect differences between HWI and AMB at "post" and "post+2h" using nitrite were computed using Pearson`s r. As the latter was an explorative analysis, the risk for a type 281 II error was not deemed problematic, and no Bonferroni correction was applied (56). The 23 rd 282 version of the statistical package SPSS (SPSS inc, Chicago, US) was used for all analyses and 283 statistical significance was set at p<0.05.
284
Results
286
Participants 287 Baseline characteristics of the participants in the intervention group (INT) and CON can be 288 seen in Table 1 . Apart from a trend towards a larger hip circumference in the control group, 289 there were no differences in anthropometrics and physical activity levels between the groups. 290 ***** Insert Table 1 around here ***** 291 Acute responses to hot water immersion 292 The physiological and perceptual responses during HWI pre and AMB are given in Table 2 .
293
During HWI pre , rectal temperature increased from 37.1±0.6°C to 38.7±0.4°C (Fig 2) .
294
Folllowing the intervention period, diastolic blood pressure was lower at the end of HWI post 295 when compared to HWI pre (F: 25.4, p = 0.001). Thermal sensation at the end of HWI post was 296 lower than at the end of HWI pre (F: 14.3, p = 0.01) and sweat loss during HWI was increased 297 from 1.1±0.6 (HWI pre ) to 1.7±0.6 L (HWI post ) (F: 26.5, p = 0.001). Plasma concentrations of IL-6 were higher compared to AMB immediately following 300 by a rise in either eHsp72 (T x C; F: 1.9, p = 0.16) or iHsp72 in total monocytes (T x C; F: 302 0.5, p = 0.57) directly post or 2 h post-HWI pre (Fig. 3) . The same was true for the expression 303 of iHsp72 in classical monocytes (T x C: F: 1.7, p = 0.22), intermediate monocytes (T x C; F: 304 2.3, p = 0.19) and non-classical monocytes (T x C; F: 1.5, p = 0.25). R did not differ between 305 HWI pre and AMB (T x C; pre-post F: 0.6, p = 0.48; pre-post+2h F: 0.1, p = 0.76). The distribution of monocyte subsets changed immediately after HWI pre , with an increase 308 of the intermediate (T x C; F: 9.0, p = 0.004, ES: 1.39 (0.36 -2.03)) and non-classical 309 monocytes (T x C; F: 11.8, p = 0.001, ES: 1.34 (0.32 -1.24)). The proportion of classical 310 monocytes, however, was not reduced (T x C; F: 2.5, p = 0.10) ( Table 3 ). Lymphocyte 311 numbers increased to a larger extent directly following HWI pre compared to AMB (T x C; F: 312 11.0, p = 0.003, ES: 1.97 (0.84 -2.94)). There was no difference between HWI pre and AMB 313 in the acute elevation of total monocyte (T x C; F: 0.8, p = 0.56), leukocyte (T x C; F: 2.0, p = 314 0.16) or neutrophil numbers (T x C; F: 2.7, p = 0.08). The increase in plasma nitrite 315 concentration directly following HWI pre was larger compared to AMB (F: 11.2, p = 0.04, The IL-6, eHsp72 and iHsp72 response did not differ following HWI post when compared 319 with HWI pre (T x C; IL-6 F: 0.3, p = 0.80, eHsp72 F: 0.9, p = 0.45, iHsp72 F: 0.1, p = 0.71).
320
The same was true for Hsp72 expression in classical (T x C; F: 1.7, p = 0.22), intermediate (T 321 x C; F: 2.2, p = 0.17) and non-classical monocytes (T x C; F: 1.5, p = 0.25). In contrast to 322 HWI pre , the percentage of intermediate monocytes was not elevated following HWI post (Time; 323 F: 3.4, p = 0.06; Table 3 ). There were no differences in the acute change between HWI pre and 324 lymphocyte (T x C; F: 1.9, p = 0.17) and neutrophil (T x C; F: 0.8, p = 0.56) numbers. 326 Finally, the acute change in plasma nitrite concentration was similar between HWI pre and 327 HWI post (T x C; F: 1.3, p = 0.30) ( Fig. 3 ).
328
Chronic effects of the hot water immersion intervention period 329 Table 4 shows the physiological responses during the HWI sessions of the intervention 330 period. Body mass did not change in INT following the intervention period (92.1±9.2 kg to 331 92.3±9.5 kg, F: 0.01, p = 0.92). Both systolic (T; F: 5.1, p = 0.05, ES: 0.60 (0.34 -1.44)) and 332 diastolic blood pressure (T; F: 14.3, p = 0.003, ES: 0.64 (0.32 -1.47)) were lowered 333 following the intervention period. Resting HR (T; F: 0.3, p = 0.54) and Trec (T; F: 0.4, p = 334 0.22) were not affected by the intervention period (Table 2) . Physical activity levels were not 335 different from habitual physical activity (as reported at the start of the intervention period) 336 during the intervention period (T; F: 0.2, p = 0.64). 337 **** Insert Table 4 around here ****
338
The effect of the intervention period on resting IL-6, iHsp72 and eHsp72 levels is 339 presented in Fig. 4 . Resting levels of IL-6 and iHsp72 in total monocytes were not altered 340 following the intervention period (T x G; IL-6 F: 0.1, p = 0.87, iHsp72 F: 0.2, p = 0.59). The 341 same was true for the expression of iHsp72 in the monocyte subsets (T x G; classical 342 monocytes F: 1.8, p = 0.14; intermediate monocytes F: 1.2, p = 0.39; non-classical monocytes 343 F: 0.3, p = 0.78). Extracellular Hsp72 was lowered in INT compared to CON (difference in 344 fold change between groups; F: 6.8; p = 0.03, ES: 1.00 (0.73 -1.26)). This resulted in a lower 345 R in INT as compared to CON (G; F: 6.0, p = 0.04, ES: 0.34 (0.21 -0.51)). The change in the 346 distribution of monocytes subsets in the circulation at rest was not different in INT compared 347 to CON (T x G; classical monocytes F: 0.8, p = 0.52, intermediate monocytes F: 1.1, p = 0.23, 348 non-classical monocytes F: 1.8, p = 0.14) (Fig. 4) . F: 25.1, p = 0.001, ES: 0.61 (0.08 -1.32). However, fasting insulin was elevated at post+1 374 week compared to post (pre: 68.10±44.65 pmol/l, post: 51.7±27.3 pmol/l, post+1week: 375 72.6±56.3 pmol/l, T; F: 4.5, p = 0.05, ES: 0.53 (0.05 -1.08), returning to the insulin 376 concentrations found prior to the intervention (pre-post+1 week, T; F: 1.1, p = 0.21). There 377 was no difference in HOMA-IR between post+1 week compared with post (pre: 13.91±11.09, 378 post: 8.99±7.89, post+1 week: 12.40±10.01, T; F: 4.1, p = 0.06) or pre (T; F: 0.8, p = 0.47).
379
Plasma nitrite concentrations were not changed at post+1 week compared to pre or post (pre: 380 314±61 nM, post: 247±66 nM, post+1week: 304±91 nM; T; F: 3.9, p = 0.09).
381
Correlations 382 During HWI pre, there was no correlation between the peak core temperature attained and 383 the acute change in iHsp72 expression (r = -0.11, p = 0.77), plasma IL-6 (r = 0.23, p = 0.55) 384 or nitrite concentrations (r = 0.04, p = 0.91). Following the chronic intervention, there was a 385 negative correlation between plasma insulin concentration at baseline and its change 386 following the intervention (r = -0.45, p = 0.01). There was no relationship with insulin at 387 baseline and the change in blood glucose concentrations (r = 0.23, p = 0.33). No correlation 388 was observed between baseline blood glucose concentration and the chronic change in insulin 389 (r = -0.28, p = 0.27) or glucose concentrations (r = 0.29, p = 0.25). In addition, there was no 390 correlation between the fold change in eHsp72 following the intervention and the change in 391 insulin (r = 0.61, p = 0.06) or glucose concentrations (r = 0.03, p = 0.94). Finally, there was 392 no correlation between the chronic change in iHsp72 expression and the chronic change in 393 insulin (r = -0.16, p = 0.66) or glucose concentrations (r = 0.21, p = 0.56).
394
Discussion
396
This study investigated the acute inflammatory response to HWI as well as the 397 potential of chronic HWI to improve inflammatory and metabolic profiles at rest. Acute HWI 398 evoked elevated plasma IL-6 and nitrite concentrations, and an increase in the percentage of immersion up to the waistline for 1 h in water set at 40℃, resulting in a ~1℃ increase in core 417 temperature. As the acute inflammatory response to HWI seems dose dependent, it is 418 conceivable that there may exist a threshold in core or muscle temperature or time accrued above this threshold that needs to be reached in order to induce an iHsp72 response. Using 420 exercise as a stressor, Gibson et al. (24) have suggested that at least ~27 min above a core 421 temperature of 38.5℃ is needed to induce the upregulation of Hsp72 mRNA. In the current 422 study, participants` rectal temperature exceeded 38.5℃ for ~15 min only. This may also 423 explain why an acute increase in iHsp72 following passive heating is a consistent finding in 424 animal studies (28, 64), but not in human studies (50), as the endogenuous heat stress imposed 425 in the former is much higher compared with the present and other studies in humans. Of note, 426 the required heat stress might need to be even higher to induce acute increases in circulating 427 eHsp72 concentrations (23).
428
Although the HWI protocol used in this study did not elevate iHsp72 expression, the 429 acute increase in IL-6 concentrations indicates that in analogy to exercise, passive heating can 430 also induce an acute inflammatory response, possibly leading to the circulating anti-431 inflammatory milleau postulated by Petersen and Pedersen as one of the benefits of exercise 432 (57) . While it is now widely acknowledged that contracting skeletal muscle is the main source 433 of IL-6 during acute exercise (17), it is not clear whether this is also the case for HWI.
434
However, skeletal muscle is suggested to secrete IL-6 in response to increases in local 435 temperature (66). HWI for 1 h in water set at 40℃ leads indeed to a muscle temperature 436 increase of ~2.5℃ (16). Suggested mechanisms for the acute inflammatory response 437 following passive heating are the influx of calcium via the opening of the thermosensitive 438 transient receptor potential 1 (53) and the activation of heat shock factor 1, which can both 439 result in the production of IL-6 and Hsp72 (66). In addition, circulating monocytes are potent 440 producers of cytokines and might be a source of IL-6 found in the circulation following HWI While the interest in HWI to reduce chronic low-grade inflammation is a relatively 452 recent phenomenon, its potential to increase blood flow and enhance vascular function is 453 more established (13). Nevertheless, we show for the first time an acute increase in the 454 bioavailability of the vasodilator NO in response to HWI in humans, possibly mediated by the 455 enhanced activation of eNOS in response to the increase in shear stress and/or local 456 temperature (19) . Additionally, as Hsp90 acts as an agonist for NO production by eNOS, the 457 acute increase in NO bioavailability may have been mediated by an increased expression of 458 Hsp90 (22). Future studies are therefore needed to identify the potential of HWI to increase 459 Hsp90 expression. Since the acute increase in NO following HWI has the potential to aid 460 tissue blood flow and is implicated in the translocation of GLUT4 to the plasma membrane of 461 skeletal muscle cells during exercise (59), HWI has the potential to facilitate glucose disposal 462 in skeletal muscle and other tissues (2, 20) . In support, animal studies suggest GLUT4 improvements in blood pressure in the present study were independent of changes in resting 543 levels of both measures.
544
Together, the current study provides a strong rationale to pursue further research on the 545 potential of passive heating strategies to enhance (cardio)metabolic health. For instance, 546 future studies should consider using more robust measures of insulin sensitivity (e.g. oral 547 glucose tolerance testing), implementing longer-term interventions and explore its 548 effectiveness and feasibility in populations that could benefit most from this alternative health 549 intervention (e.g. individuals with a spinal cord injury, frail elderly or those with other 550 conditions that interfere with exercise participation). Additionally, future studies in humans 551 are needed to clarify the role of inflammatory markers in glucose metabolism. In this regard, 552 the relatively modest heat stress imposed in the present study may be considered a limitation.
553
Although here an applicable model of passive heating is presented, future mechanistic studies 554 may consider increasing body temperature to a larger extent and for longer durations. For 555 instance, a passive heating model that is more likely to elevate iHsp72 expression may aid our 556 understanding on the importance of this marker for glucose metabolism in humans. Finally, 557 although there was no acute iHsp72 response following HWI and resting iHsp72 expression 558 in monocytes was not changed following the intervention, an elevated iHsp72 expression in 559 skeletal muscle for up to 7 days has been reported following exercise (51). Therefore, the 560 resting and post-immersion inflammatory and metabolic markers may have been influenced 561 by the potentially elevated iHsp72 expression in skeletal muscle.
562
In summary, a single HWI session induces an acute inflammatory response, indicated 563 by acute elevations in IL-6, changes in the monocyte subset distribution, and increase in NO were not accompanied by acute increases in iHsp72 or eHsp72. The 2-week HWI intervention 566 period reduced fasting glucose and insulin, concomitant with lower resting eHsp72 concentrations, but independent of iHsp72 expression, plasma IL-6 and nitrite concentrations 568 at rest, as the latter markers did not change following the chronic intervention. Therefore, this 569 study provides support for the use of HWI to improve aspects of the inflammatory profile and control trial (AMB) were followed by ten HWI sessions within two weeks. A second acute HWI trial 790 (HWI post ) was conducted three days after completion of the intervention period and a resting blood 791 sample was taken seven days following HWI post (Post). For the control group (CON), a resting blood 792 sample was taken at the time-points corresponding to visit 1 and 13 of the intervention group. Abbreviations: AMB = control trial; HWIpre = hot water immersion session prior to HWI intervention period; HWIpost = hot water immersion session following HWI intervention period; T rec = rectal temperature; T tymp : tympanic temperature; HR = heart rate; VO 2 = oxygen uptake; SBP = systolic blood pressure; DBP = diastolic blood pressure; TS = thermal sensation; TC = thermal comfort (higher TC scores reflect reduced feelings of thermal comfort), PV = plasma volume 
